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Abstract

1 4ir Force Research Laboratory, Edwards, CA, 93524 US4

The wetting behavior of pitch plays an important role in impregnation processes for densification, in deposition within
processing equipment for heavy hydrocarbons, and in the synthesis of new pitch-based templated carbon forms. This paper
reports on an experimental and theoretical study of the fundamental wetting behavior of mesophase pitch on well-
characterized flat substrates. Contact angle measurements are reported as a function of temperature, time, and substrate
chemistry. There is strong evidence that pitch wetting is determined both by equilibrium effects (liquid surface tension,

- solid surface energy and their dispersive and polar components) and by non-equilibrium effects (spreading kinetics). In the
high temperature regime the surface energies of the pitch and substrate are the most important factors determining wetting’
behavior, while pitch viscosity plays a dominant role in the lower temperature regime where spontaneous droplet spreading

rates can be extremely slow. :

Ke)nmo}d:: A. pitch, mesophase, B. impregnation, C. modeling, D. viscoelasticity

1. INTRODUCTION .
The wetting behavior of pitch plays an important role in
the impregnation process for composites [1],in -
deposition and fouling within processing equipment for
heavy hydrocarbons, and in the synthesis of new carbon
forms derived from the infiltration of pitch into porous
templates [2]. While there have been many studies of
pitch theology, especially under conditions relevant to
fiber spinning [3), there have been few systematic studies
of the true wetting behavior of pitch [4] or mesophase
pitch [5]. Here we report on a fundamental study of pitch
wetting on well-characterized flat substrates as 2 first step
toward the understanding of fiber wetting. Experimental
measurements are made of pitch/substrate contact angle
as a function of temperature, surface properties, and time,
and the results are compared to equilibrium and dynamic
theories of wetting and spreading.

2. EXPERIMENTAL

This set of experiments used the naphthalene-derived AR
mesophase (HP grade) supplied courtesy of Mitsubishi
Gas Chemical. The mesophase was first dried under
vacoum for 24 hours at 125 °C in the as-received form
(small rod-shaped drops weighing 25 milligrams on -
average). It was then cooled to ambient temperature and
three grams were Ioaded into a small tube-shaped
stainless steel reservoir equipped at the bottom with a
0.025-inch in diameter flat-tipped syringe needle. The
reservoir was then positioned in a insulated cylindrical
vertical oven 1 %-inches in diameter by 6-inches tall. The
oven is equipped with triple-pane pyrex windows front
and rear to allow continuous back illumination and
viewing of AR mesophase drops as they are placed on a
given substrate. An elevator-type mechanism allows 1-
inch in diameter by 3-inch in length pyrex test tubes to be
raised up intp the oven dircctly beneath the syringe
needle. A 1/16-inch in diameter metal tube placed along

+

. undemneath it. Thermocouples in the oven, reservoir, and oo
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side the stainless steel reservoir directs a nitrogen gas
flow into the periphery of the test tube at a rate of 100
cc/minute. This is done to purge any oxygen from the

.system. The purge tube is wrappsd around the reservoir

to let temperature equilibrium be established with the rest
of the system. The reservoir is also shaped so that it sits
directly on the test tubes, but allows enough leakage for
nitrogen purge gas to escape. Substrates are placed on a
lightweight aluminum sample holder that fits snugly
inside the test tubes. Purge gas can easily sweep around
and undemeath the substrate, once it is introduced into the
oven. An experiment is initiated by setting the oven
temperature controller set point to a desired temperature
and positioning a test tube (without a substrate)

resting on the empty sample holder, monitor temperatures H
at these locations. Within 10 minutes, the oven
temperature is reached and starts cycling phus/minus 2 °C.
The reservoir and sample holder reach equilibrium
temperatures within about 10 additional minutes. They
both are normally about 10 °C cooler than the oven itself
due to heat flux outwards. A slight inert gas pressure is
then applied to the reservoir to expel AR mesophase from
the syringe needle. The test tube is then lowered and
replaced with a new one equipped with a sample holder
containing a freshly-cleaved sample of HOPG. The
HOPG typically measures 1-cm by 1-cm by 2-mm.
Temperatures are again allowed to equilibrate, which
takes roughly 10 minutes. A drop of AR mesophase is . .
formed by pressurization and then allowed to fall onto the ;
substrate. Its spreading is observed with an InfiniVar ™ '
continuously-focusable microscope from Edwards -
Scientific, Inc. that is equipped with a high-resolution
CCD video camera which feeds a video signal at 30
frames/second to an FTA 100 Drop Shape Analyzer. The
FTA 100 is manufactured by First Ten Angstroms, Inc.,
of Portsmouth, VA and its software reduces the data to
actual contact angles. The temperature of the
measurement is considered to be the average of the
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reservoir and sample holder temperatures. These are
typically within several degrees of one another.

Additional measurements were made on a series of
substrates at a single temperature at Kruss USA in order
to understand the nature of pitch/substrate energetic
interactions. The temperature of 325 °C was chosen to be
high enough to provide sufficient fluidity to reach the
equilibrium or near-equilibrium state yet low enough to
minimize bubble formation and swelling. The-surfaces
were characterized first for their dispersive and polar
surface energy components using the Owens-Wendt
theory [6] applied to contact angle measurements
involving standard liquids of differing polarity.

3. RESULTS AND DISCUSSION

The experimental results are given in Figs. 1 and 2 and Tables
1and 2. The early measurements in Fig. 1 showed very high
contact angles at temperature below about 280 °C with sharp
decreases to nearly complete wetting above 300 °C. This
behavior is not typical of other liquids, which most often show
only modest and gradual increases in contact angle with
decreasing temperature [7].

These early experiments also showed poor
reproducibility, which was found to be due to the )
presence of an oxidized skin on the AR pellets. Further
experiments used crushed and preheated (pre-softened)
droplets to avoid the skin effect. The later experiments
were also specifically designed to explicitly measure the
time-dependence of contact angles, which is key to
understanding the behavior at all but the highest
temperatures studied.

Figure 2 shows results of the dynamic contact angle
measurements on freshly cleaved HOPG basal planes.
Spreading times are strongly temperature dependent,
varying from about 1 second at 371 °C to well over 100
sec at 325°C.  Equilibrium wetting expsriments begin to
be impractical at temperature below 325 °C.
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Figure 1. Early measurements of contact angle as a
function of temperature for AR mesophase on HOPG.
The dashed line shows the expscted bshavior from
equilibrium theories starting from the 325 °C data point
(assumed to be near equilibrium) and using a typical

value for the temperature coefficient of liquid surface
tension, dy/dT = -0.15 mJ/m?-K. (For example, dy/dT =-
0.133 for benzene, -0.102 for phenol, and -0.088 for
glycerol). The data at temperatures below about 300 °C

. show much higher contact angles and a time-depzndence

that indicate non-equilibrium states.
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Figure 2. Dynamic contact angles for AR mesophase on
freshly cleaved HOPG basal plane using the preheated
droplet technique: Symbols: experimental measurements,
Lines: dynamic spreading theory predictions for
viscosities given in legend. Note that the dynamic
spreading theories are applicable only to low contact
angles (< 60°). -

_Tables 1 and 2 give the measurements of pitch surface

tension by the pendent droplet technique and equilibrium
or near-equilibrium contact angles on a variety of solid
surfaces. Contact angle is seen to deperid strongly on the
nature of the surface ranging from 23° on glassy carbon to
66.5° on PTFE. For many materials (glasses, ceramics,
metals) the angles lie between 20° and 40°. A criterion
for successful wetting is often defined as 6 < 90°, in
which case it can be said that pitch wets all of the
substrates examined at 325 °C, even PTFE.

Table 1
.- Surface Tenslons of Pitches
and Polyaromatic Model Compounds

AR-mesophase (HP Grade) at 325 °C: 27.0 mJfm?
A240 isotropic petroleum pitch at 150 °C; 325 ml/m?
Dimethylbenz(a)anthracene, CyoHjq, 150 °C: 260 ml/m®
Naphthalene at 127 °Cliterature data): 28.8 m)/m*




Table 2: Contact angles on well characterized surfaces
(all surface energies in ml/m?)

liquid/ surface  disp. polar contact inhibition

substrate energy part part angle factor
(deg) F

for AR (HP grade) at 325 °C

on Polymers

PTFE 18 18 0 665 086

on Ceramics )
Borosilic. glass 67.5 339 336 2638 0.84

Bisque alumina 78.0  33.1 449 406 0.79
Boronnitride 650 326 324 268  0.86*
Mica .609 313 296 269 088
on Carbons

HOPGbasal 4054 327 7.87 172 0.89*
graphite foil 426 330 961 235 0.87*
glassycarbon 429 332 96 132 0.89*
on Metals

Alumimum 724 346 378 359 080
Iron 725 338 387 370 080
Silver 639 364 267 220 0.83*
Zinc 712 386 326 232 080
Cobalt 733 343 390 385 079
Platinum 785 345 440 395 0.78*
Nickel 732 348 334 373 0.79*
for Ashland A240 isotropic pitch at 150 °C .
PTFE: 18 18 0 68.0 092
Borosil. glass 675 339 336 421 0.85
Mica 609 313 296 422 089
HOPGbasal 405 327 79 374 089
Nickel 732 348 384 486 080

for Dimethyl(a)anthracene, CyHjq at 150 °C
on PTFE: 18 18 0 554 094

* These F; values are approximate only, since the theory that
yields Fy is strictly valid for surfaces on which mesophase
pitch exhibits "edge-on" anchoring [5]. Anchoring on the
substrates marked with the asterisk is face-on (carbons, mica,
silver, platinum, nickel) or unknown (boron nitride).

Theorv of Equilibrium Wetting

Contact angles measured at equilibrium are amenable to
thermodynamic analysis based on the surface tension of
the liquid, the surface energy of the solid, and specific
interactions (dispersive, polar, H-bonding, complexing) at
the Tiquid/solid interface. An equilibrium theory for pitch
wetting has been proposed [5] based on the classical
Fowkes theory modified for application to pitch. The
primary equation in the pitch theory is:

Y@ =1 +n®-FEOP T ® O

which gives the interfacial energy, Ys, s 2 function of the

solid surface energy, ¥, the liquid surface tension, 7, and
the interaction of the dispersive components of both

phasss, y‘d s 'yld. The pitch is assumed to be non-polar and
thus incapable of interacting with the polar component of
solid surface energy [5).. Equation 1 includesa
dependence of liquid and interfacial properties on the
anchoring angle, ¢, — the angle of preferred molecular
orientation of pitch mesogens at the interface [5]. Finally,
F, was proposed as an inhibition factor that describes the
geometric mismatch between the solid lattice and large,
planar polyaromatic molecules in pitch [5). '

Equation | can be com'bined with the Young equation: -
: L =Wty cos® @
to make predictions of the contact angle, 6, by:

cos =-1 + 2(FPe 1,)" ®

or to yield vahes for the inhibition factor, F; from
measured contact angles:

Fy = (,/2) (1 + cos®)fy v )7 @

The F; values inferred in this way are shown in Table 2. They
show the expected magnitude (0.8-1) and vary over a narrow

enge. This agreement supports that basic assumptions of the
“model — that pitch interacts only with the dispersive

component of the solid surface energy and that these
interactions are inhibited by lattice mismatch. The equilibrivm
theory provides a tool for understanding how pitch will wet on . }
a variety of substrates at equilibrium. Unfortunately, ;
equilibrium is difficult to reach in many practical cases, !
especially in the case of low temperatures and complete

wetting at equilibrium (8.4 = 0).

Theorv of Non-Equilibrium Wetting: Dvnamic Spreading

The equilibrium theory above gives a reasonable description of
pitch wetting in the region of high fluidity (325 °C), but cannot”
explain the high apparent contact angles at lower temperatures,
which are believed to be due to kinetic limitations on
spreading. Viscous liquids other than pitch are also known to
give very long equilibration times [8]. Modem theories of
liquid spreading [9,10] are based on a balance of two forces:
the viscous force associated with shear in the wedge-shaped
leading edge of the droplet (see Fig. 3) and the unbalanced
surface tension force at the contact line, 1,(c05(8) - cos(8,)) =
where 8 is the dynamic (non-equilibrium) contact angle. In
the limit of complete wetting (equilibrium contact-angle of
zero), and where the dynamic contact angle, 8, is small, this
force balance leads to :

dR/dt = (U 6) 1/ W I(¥igax I Xin) ()

Aadaptcd from de Gennes [9]. Here dR/dt is the spreading rate,

p the viscosity, and y/ the characteristic spreading velocity.
The logarithmic term arises from integration the shear stress .
along the horizontal direction from Xpe =R (droplet radius) to i

" a cutoff value, X,;,, Where a transition occurs to the precursor

film. Without this cutoff, the shear rate becomes unbounded at
the leading edge where the film thickness approaches zero but
the flnid velocity remains finite (equal to the spreading - g
velocity). This leads to the well-known paradox that liquid L
spreading could never occur at finite rates [9].




viscous stress
in fluid wedge

Fig. 3. Schematic of a spreading droplet. The overall shape is
a spherical section from the Laplace relation when gravity is
negligible (valid for small droplets). The fluid motion in the
advancing wedge is analogous to that of a tank tread in the
case of the no-slip condition at the substrate surface. ’

To predict the time dependence of the contact angle, one needs
to specify droplet shape in order to relate 8 to the droplet
radius, R, and the known droplet volume, V.. In the absence
of gravitational effects the drop shape is a sphere section by
Laplace's law [9], for which one can derive the following exact
relation:

V, = (mR%35in0){2 ~ 3cosb +cos’6) 6
which for small 8 is well approximated by V, = (n/4)R8

Equations 5 and 6 were combined and used to fit the dynamic
contact angle data in Fig. 2 using viscosity as a parameter, A
typical transition film thickness of 10 nm was used for the
logarithmic cutoff [9}, and variation around this value had only
small effects on the results. As seen in Fig. 2, the DeGennes
theory [9] provides a good description of the dynamic pitch
wetting data for viscosities of 8 Pa-s at 325°C, 4 Pa-sat
341°C, and 1 Pa-s at 358 °C. We could not obtain a good fit to
the data at 371 °C, where the spreading time was of order 1
sec. This may be due to the violation of the assumption of -
creeping flow, and indeed the Reynold's number, RV, P fzy,
begins to approach 1 for the short hmcs () and low viscosities
(1) in the 371 °C case.

These viscosities are similar to values reported for AR in this
temperature range [3]. Exact comparisons are not possible,
however, since there is no data to the authors' knowledge for
the very low shear rates relevant to droplet spreading, and at
Jeast some authors report non-Newtonian flow for mesophase
pitch in which the viscosity varies greatly with shear rate
[3,11]. Most J:ubhshed studies have been conducted at shear
rates from 10°-10* sec”’, while average shear rates in these

* droplet spreading cxpcnments are of order 0.01-0.1 sec™.

Finally it is useful to use the dynamic theory to extrapolate
spreading times to lower temperatures. White and coworkers
{12] present a summary of pitch viscosity data, and quote a
typical activation energy for pitch viscosity of 60 keal/mol in
the range above 8 Pa-s and 35 keal/mol below 8 Pa-s. Using
35 kcal/mol to extrapolate from 325 °C to lower tsmperatures,
we calculate an estimated equilibration time at 270 °C that is
20 times as long as at 325 °C, which is already much greater
than 100 sec. Indeed this confirms that pitch wetting is
strongly limited by spreading kinetics at 270 °C making

measurements on equilibrium contact angle in that temperatore
range impractical. .

4. CONCLUSIONS

The wetting of solid surfaces by AR mesophase pitch
depends on temperature, time, and the chemical nature of
the substrate. There is strong evidence that AR wetting is
limited by spreading kinetics at temperatures below 300
°C, but can approach an equilibrium state at temperature
above 325 °C if sufficient time is allowed prior to
measurement. Measurements of dynamic contact angle
appear to follow the de Gennes theory of dynamic
spreading based on the competition between surface
tension driven flow and viscous dissipation. In the higher
temperature range where equilibrium is approachsd, AR
wets all substrates examined, but the contact angle varies
significantly as a function of substrate. These variations

-are well correlated by a recent theory of equilibrium pitch

wetting based on the Fowkes/Owens-Wendt theory of
liquid/surface interactions modified for non-polar

. polyaromatics. Future work will focus on carbon fibers

of various type and surface properties as wetting
substrates.
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